We present a polarization-multiplexing off-axis Mach-Zehnder configuration for dual-wavelength digital holography to achieve phase imaging in one shot. In this configuration, two orthogonal linear-polarized waves with respect to different wavelengths are employed to record respective holograms synchronously, where two recording waves transmit independently through the same optical paths of the interferometer, and by installing two analyzer polarizers each to filter off either of two wavelengths, and filtering through the other, the holograms are acquired, respectively, by a pair of CCDs at the same time. The unwrapped phase image of a grating with groove depth 7.1 μm is retrieved via spatial frequency filtering.
Digital holography is a technique that can reconstruct the phase images of an object by the acquisition of the object's holograms with a CCD camera and numerical reconstruction imaging via simulation of the hologram's diffraction imaging process [1] [2] [3] [4] [5] [6] [7] . The phase reconstruction imaging of digital holography using a single wavelength is just suitable to handle smooth profiles and step heights less than the wavelength. While a target object is of larger optical thickness than the recording wavelength in digital holography, its phase image typically contains 2π discontinuities, referred to as phase wrapping. Thus, the actual phase image of the object has to be retrieved from its wrapping phase image by using numerical phase unwrapping algorithms [8] . The numerical phase unwrapping in single-wavelength digital holography may induce some error if the target structure has a high aspect ratio. However, dual-wavelength digital holography may complete the phase imaging for a target object of larger or abrupt height variance via careful choice of two wavelengths. It can retrieve the phase image just by yielding a synthetic phase map free of 2π discontinuities from two holograms recorded with different wavelengths, without the need of numerical phase unwrapping in phase reconstruction [9, 10] . Since dual-wavelength digital holography has the advantage of imaging a height step object without unwrapping, various recording configurations and phase reconstruction based on dual-wavelength digital holography have been actively researched in recent years [11] [12] [13] [14] [15] . In this Letter, a polarization-multiplexing off-axis Mach-Zehnder configuration of dual-wavelength digital holography is proposed for the reconstruction of quantitative phase images in which two orthogonal linear-polarized waves with respect to different wavelengths pass through the same off-axis interferometer to record the holograms.
According to the independent propagation of two linearpolarized waves orthogonal to one another, two different wavelength lasers, respectively, to a p-polarization and a s-polarization can transmit together in the same optical path of the interferometer without any optical interference between them. The two holograms from the different wavelengths can be synchronously acquired with a pair of CCDs by installing one polarizer with its polarization state parallel to the s-polarization and the other polarizer parallel to the p-polarization, each in front of the CCDs. Both polarizers act as a filter through one pair of interference beams among the two wavelengths to form one interferogram and filtering off the other. Thus, the holograms of dual-wavelength digital holography can be captured in one shot based on this polarization-multiplexing configuration. The presented configuration provides the capabilities of polarization-multiplexing transmission for two separate wavelengths and of automatic spatial-frequency filtering in dual-wavelength digital holography. Furthermore, it is more compact because one interferometer path is simultaneously provided as two polarization channels. The phase image of a phase-only grooved grating is retrieved with relevant spatial frequency filtering and dual-wavelength numerical reconstruction in the presented polarization-multiplexing optical configuration.
For dual-wavelength digital holographic imaging, two interferograms formed with two pairs of the interference beams of different wavelengths are required to be recorded by image sensors, such as CCD cameras, which are referred to as the digital holograms corresponding to the separate wavelengths. After obtaining two independent phase images from respective digital holograms, a synthetic phase image can be yielded with the subtraction of the two single-wavelength phase images. Thus, the unwrapped phase image of a target object is completely achieved according to the synthetic phase image. For a target object of transmission topography, the synthetic phase distribution of two single-wavelength phase images can be typically expressed as
where φ 1 and φ 2 denote the reconstructed phases with respective to λ 1 and λ 2 , n and h are the refractive index and the topographic height of the object, and Λ is referred to as the synthetic wavelength of λ 1 and λ 2 .
In the presented dual-wavelength digital holographic configuration, two holograms with different wavelengths are formed with the p-polarized interference beams of wavelength λ 1 and the s-polarized beams of wavelength λ 2 based on the optical configuration of interferometer. The two holograms can be recorded with two same-model CCD cameras at same time, since two polarizers oriented parallel with the p-polarization and the s-polarization have been placed in front of the CCDs for filtering out the interference beams mismatched with the polarizer's orientation.
A polarization-multiplexing off-axis configuration for dual-wavelength digital holography is shown in Fig. 1 . The 671 nm laser beam is adjusted to the p-polarized (parallel to the optical plane) via half-wave plate HWP1 placed behind beam splitter (BS1) and then transmits through polarizing beam splitter (PBS). The 656 nm laser beam becomes s-polarized (perpendicular to the optical plane) after it is reflected by the PBS. The p-polarized 671 nm beam and the s-polarized 656 nm beam are combined via the PBS, and then go together into the optical arrangement of a Mach-Zehnder interferometer in which the different polarization beams share the object path and the reference path. According to off-axis holographic recording, an off-axis interference angle between the propagation directions of an object beam and a reference beam is typically required. By means of the shared-path propagation in the interferometer, the two pairs of interference beams readily build almost the same off-axis interference angle.
For using the PBS it is necessary to obtain both a p-polarization wave and an s-polarization wave in this polarization-multiplexing configuration for dual-wavelength digital holography. Herein, the PBS functions to convert the linear polarization state of the 656 nm wave into s-polarization and to keep the p-polarization 671 nm wave passing through. In particular, it is required for converting the 656 nm laser wave to the s-polarization wave, because the output beam of the 656 nm laser typically contains several different modes. In the experiment, replacing the PBS with a BS causes a drastic decline of image quality.
As we know, one-term phase distortion caused by the off-axis angle typically exists in digital holographic imaging. In most optical setups, the off-axis interference angles of the different wavelength beams in real-time dualwavelength digital holography are not the same as each other unless they are adjusted quite carefully in hard work. Fortunately, in the presented scheme, the difference of the off-axis angles can be naturally ignored due to the shared-path propagation of two wavelengths. Furthermore, the effect of dispersion on off-axis angles is negligible because two wavelengths are quite close. Thus, the polarization-multiplexing configuration with the shared-path transmission has the advantage that one-term phase distortion of the reconstructed phase image is almost eliminated in dual-wavelength phase unwrapping.
After passing through the interferometer, the object beams and the reference beams of the 671 nm and 656 nm wavelengths can form their interferograms at the same propagation distance. The BS4 is used to split the combined interference waves into two parts that are incident into polarizers P1 and P2. The p-polarized 671 nm interference wave can pass through polarizer P1 with horizontal polarization, and the s-polarized 656 nm interference wave can pass through polarizer P2 with vertical polarization. Meanwhile, the p-polarized 671 nm wave and the s-polarized 656 nm wave are filtered off by polarizers P2 and P1, respectively. Thus, the off-axis interferograms of the 671 and 656 nm interference waves, termed as the digital holograms, can be built on the sensor surfaces of CCD1 and CCD2, respectively, in one shot.
The optical length of the 671 nm beam from BS4 to CCD1 is nearly the same as that of the 656 nm beam from BS4 to CCD2, which is required to achieve the same-time recording. Because of off-axis digital holographic recording, there is the off-axis angle between the reference beam and the object beam. The angles between the object and the reference beams incident onto the surfaces of two CCD cameras are equal. Thus, according to the presented optical configuration, the automatic filtering of the spatial frequency spectrum and the phase reconstruction for the dual-wavelength holograms can be realized. For the phase reconstruction of dual-wavelength digital holography, the phase images with respect to two singlewavelength holograms are achieved. First, the spatial frequency distribution of the respective holograms should be obtained by Fourier transform. The spatial frequency filtering of the holograms can be carried by a numerical bandpass filter in the spatial frequency domain. Typically, the operations of spatial frequency filtering on two single-wavelength holograms in dual-wavelength digital holography are individually performed [16] . For the realtime imaging applications of dual-wavelength digital holography, such twice running of the spatial frequency filtering is actually time consuming, particularly if there are many holograms to be handled. Fortunately, based on the presented polarization-multiplexing configuration, there is a relationship between both the first-order (the order þ1) spectra in the spatial frequency domain of two holograms with their recording wavelengths. The centers of the order þ1 spectra in the spatial frequency domain of the holograms can be located according to two recording wavelengths as
where B 1 and B 2 denote the carrier frequencies of two holograms with respect to wavelengths λ 1 and λ 2 , which are the distances from the centers of the order þ1 to the center of the Fourier spectrum in the spatial frequency domain, respectively. Equation (2) is deduced from the relationship of the angular spectrums of the two holograms. According to Eq. (2), if the center location of the order þ1 spectrum of either of two wavelengths is determined, the center of the order þ1 of another wavelength is readily calculated. Thus, the phase reconstruction based on the angular-spectrum filtering can be efficiently realized in dual-wavelength off-axis digital holography based on the presented polarization-multiplexing configuration.
In the experimental setup shown in Fig. 1 , two laser waves at wavelengths of 671 and 656 nm are used for recording the dual-wavelength digital holograms. According to Eq. (1), the synthetic wavelength of 671 and 656 nm is about 29.35 μm. Two identical model CCDs are employed. The sensor size of the CCDs is 1384 pixels× 1036 pixels, and the pixel size is 6.45 μm × 6.45 μm. The polarizers P1 and P2 are placed in front of CCD1 and CCD2, and are adjusted to horizontal-polarized and vertical-polarized orientations, respectively, so that the polarizer P1 filters off the 656 nm beams and the polarizer P2 filters off the 671 nm beams. Thus, CCD1 and CCD2 record the interference fringe patterns (or digital holograms) that are generated with the interference waves at the wavelengths 671 and 656 nm, respectively. A grooved grating with groove depth 7.1 μm as a target object is used to demonstrate the dual-wavelength phase reconstruction in the presented polarization-multiplexing configuration of dual-wavelength digital holography.
First, two single-wavelength holograms of the grooved grating with the p-polarized 671 nm wave and the s-polarized 656 nm wave are synchronously acquired by CCD1 and CCD2, respectively, as shown in Figs. 2(a) and 2(b) . In the reconstruction procedure, the phase map of the target grating is numerically retrieved with the dualwavelength unwrapping method. Figures 2(c) and 2(d) show the Fourier spectrum distributions of two 671 nm and 656 nm holograms in which the red boxes represent their filtering windows. As shown in Figs. 2(e) and 2(f) , two phase images of the single-wavelength holograms still consist of a wrapping phase therein, which are retrieved according to the angular spectrum theory of scalar diffraction. Then, the synthetic phase image is obtained directly by subtraction of the 656 and 671 nm phase images according to Eq. (1), shown in Fig. 2(g) . Based on the principle of dual-wavelength digital holographic imaging, the phase compensation of 2π is applied on the synthetic phase to reconstruct the actual phase map of a target object, when the value of synthetic phase is less than zero. Further, the actual phase map of the grooved grating with 2π phase compensation is shown in Fig. 2(h) , and its 3D phase map is shown in Fig. 2(i) .
When the screen size and pixel size of the CCD camera are fixed, the difference in the imaging scale of two wavelengths can be considered as chromatic aberrations. In dual-wavelength digital holography, the chromatic aberrations act as the difference of phase maps. The subtraction of the wavelength-different phase maps requires an achromatic setup. Otherwise, numerical image resizing is needed [10] . In the phase reconstruction, the image registration for the two holograms should be conducted to make them have accurate alignment because the single-wavelength holograms are recorded with two CCDs. The image registration is realized based on the phase-correlation of the holograms. After performing the image registration for the holograms, two single-wavelength phase images can be retrieved from their holograms by the numerical reconstruction of diffraction imaging. Further, by calculating the synthetic phase and finishing the phase compensation to it, the actual phase image of the groove grating can be reconstructed completely. Figure 3 shows the cross-sectioned profile of groove depth of the grating along a red dash line in Fig. 2(h) . The 3D map of the height distribution of the grooved grating with refractive index 1.49 is rebuilt from the phase reconstruction map of Fig. 2(h) .
The unevenness of the local maxima and minima on the measured height profile shown in Fig. 3 is attributed to some noises, such as fixed pattern noise (pixel to pixel sensitivity variation), inherent noise due to the spatial filtering window and the 2D-FFT process [17] , and diffraction noise caused by the diffraction of groove edges of the grating, which typically occurs for an object having cliffy edges or steeps in digital holographic imaging. In some reported works, the unevenness is smoothed by applying the root mean square (RMS) method [12, 17] . The noises may not show up via shifting the reconstruction distance away from the actual distance of the object when performing numerical retrieval imaging, but it is at the expense of the loss of edge information. The speckle noise in digital holography can also be reduced by using a spatial light modulator with a nonlocal means algorithm [18] . In addition, it should be mentioned that, even though the refractive index of PMMA (polymethyl methacrylate) material is wavelength dependent, the difference in the refractive index of PMMA material is less than 5 × 10 −4 . Specifically, for the wavelength difference of 15 nm between the 671 and 656 nm laser waves used here in this configuration, the estimated relative error of the topographic height in the grating in this transmission geometry is less than 1.46%, so the influence of wavelength dependence is negligible.
The experimental data is verified by using a profile meter (WYKO NT1100 manufactured by Veeco, USA) to measure the surface profile of the grating. The grooved depth measured by the profile meter is 7.4 μm, as shown in Fig. 4 . The result shows that the surface profile retrieved by dual-wave digital holography is in good agreement with that exhibited by a profile meter. It demonstrates that the reconstructed phase distribution in this polarizationmultiplexing configuration is reliable for surface profile measurement.
Thus, based on a polarization-multiplexing off-axis Mach-Zehnder configuration for dual-wavelength digital holography, the phase reconstruction of a grooved grating is achieved by one-shot capture of two single-wavelength holograms and the relevance relation of the spatial frequency spectrum of the two holograms.
In conclusion, the presented polarization-multiplexing configuration of dual-wavelength digital holography is employed to achieve unwrapping phase imaging. The dual-wavelength holographic system has the features that two recording waves can share the same interferometer optical path to transmit independently due to their polarizations being perpendicular to each other, and then by installing each of the proper polarizers in front of the CCDs to filter off either of two wavelengths and filtering through the other, each of the holograms according to their different wavelengths can be acquired by a pair of CCDs at the same time. Since the two wavelengths pass through almost the same optical path, the phase distortion of the off-axis system in two phase maps are nearly identical, which will greatly simplify the process of phase distortion removal. Further, two holograms are recorded separately at the same time, with respect to their wavelengths, so the interplay between the holograms in the procedure of spectrum filtering and image reconstruction does not needed to be considered. Moreover, this polarizationmultiplexing configuration is compact and effective, so it can be easily extended to phase imaging of three or more wavelengths that will further expand the imaging scale, and will be readily compacted in future practical applications.
Experimentally, the phase retrieval of a target grating is demonstrated in this system. The dual-wavelength digital holograms are recorded, respectively, with the p-polarized 671 nm interference beams and the s-polarized 656 nm interference beams at the same time. The phase image of a grooved grating and its height profile of 7.1 μm are reconstructed by using the relevance relationship of the spatial frequency spectrum of two holograms based on the presented configuration. The unwrapping phase imaging is dependent on the value of the synthetic wavelength in the dual-wavelength digital holographic imaging system. Although we just show the reconstructed image of a grating of grooved depth 7.1 μm, the topographic height less than 29.35 μm also can be retrieved with an unwrapping phase by using the wavelengths of 656 and 671 nm according to the principle of dual-wavelength unwrapping phase reconstruction.
This configuration has the merits of compact structure, because one interferometer path is simultaneously provided as two polarization channels, and of fast numerical reconstruction. This work can be further developed into a real-time phase imaging solution as cooperation with the automatic spectral filtering algorithm for off-axis dual-wavelength digital holographic imaging.
